Optimal Photovoltaic Inverter Sizing Considering Different Climate Conditions and Energy Prices  by Kratzenberg, Manfred Georg et al.
 Energy Procedia  57 ( 2014 )  226 – 234 
Available online at www.sciencedirect.com
ScienceDirect
1876-6102 © 2014 Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license 
(http://creativecommons.org/licenses/by-nc-nd/3.0/).
Selection and/or peer-review under responsibility of ISES.
doi: 10.1016/j.egypro.2014.10.027 
2013 ISES Solar World Congress 
Optimal photovoltaic inverter sizing considering different 
climate conditions and energy prices 
Manfred Georg Kratzenbergab, Eduardo Martins Deschampsb,  
Lucas Nascimentob, Ricardo Rütherb, Hans Helmut Zürna 
aLABSPOT - Laboratório de Sistemas de Potência – Grupo de Sistemas de Potência - Departamenta da Engenharia Elétrica - 
Universidade Federal de Santa Catarina Caixa Postal 476, Florianópolis – SC, 88040-900, Brazil 
bGrupo de Pesquisa Estratégica em Energia Solar - Departamento de Engenharia Civil Universidade Federal de Santa Catarina - 
Universidade Federal de Santa Catarina, Caixa Postal 476, Florianópolis - SC, 88040-900, Brazil 
 
 
Abstract 
State of the art, grid integrated photovoltaic inverters have the best efficiencies of approximately 98 % at 
medium power ranges. Operations at lower and at higher power ranges decrease the efficiencies of these 
devices to some extent because of technical implications of the inverter. The nominal power of 
photovoltaic inverters is usually specified by the inverter manufacturer considering standard test 
conditions and/or normal operating conditions. If the inverters are oversized higher losses do appear as 
the inverter converts more energy at the lower power ranges and if the inverter is undersized higher 
energy losses appear as the inverter converts more energy at the higher power ranges. Especially due to 
the inverter´s maximum power limitation a part of the disposable solar energy at very high incidences 
may be rejected by the solar inverters. Therefore a correct sizing defines an optimal solar generator size in 
relation to the inverter size which maximizes its yearly energy conversion. Due the inverters efficiency 
curve characteristic, an optimal sizing of the inverter depends on: (i) technological aspects of the solar 
inverter and photovoltaic modules, (ii) climatological aspects of the location where the inverter is 
installed and (iii) time resolutions considered for the simulations which have to be accomplished to obtain 
the yearly energy conversion. In the present work, different system configurations are simulated using the 
software PVsystTM in order to assess and compare an optimized system configuration for three different 
locations, Capivari de Baixo-SC (Latitude 28ºS), Juazeiro do Norte-CE (Lat. 7ºS) in Brazil and Freiburg 
in Germany (Lat. 48ºN). The limits of the method are discussed and a method is proposed to assess to 
which extent the annual energy YIELD per unit of installed solar generator peak power can be improved 
and compared for different PV technologies. Considering a specific energy price, in either a net-metering 
or a feed-in tariff market (see e.g. [8]), the higher inverter investment cost due to an eventual over sizing 
of the inverter should be justified by a higher annual feed in revenue due to the higher amount of energy 
injected to the grid.  
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1. Introduction  
Solar photovoltaic (PV) inverters have experienced continuous improvements over the years, and with the 
declining costs of both PV modules and inverters, solar electricity is finally becoming cost-competitive in 
many markets throughout the world [4]. The state of the art maximum efficiency of modern solar 
inverters is very high, and attains values of around 98% [9]. Due to the inverter efficiency curve, the 
average efficiency is lower to some extent if the inverter operates on the upper or the lower power ranges. 
Therefore the average efficiency of an inverter can be maximized by correct sizing of the inverter in 
relation to the size of the utilized photovoltaic generator. Correct sizing should consider technological 
aspects of the inverter and solar modules as well as climatological aspects, which depend on the location 
where the inverter is installed [1]. As the hourly and the minutely averages of the solar radiation lead to 
distinct energy distributions within the solar incidence or the inverter power range [1], the correct sizing 
of the PV system including solar generator and inverter performances, based on climatological 
characteristic series of the local solar radiation incidences and ambient temperatures, should be sought. In 
this work we simulate different PV system configurations, in the light of different prices of the injected 
solar energy into the electrical grid in order to obtain an optimal system configuration in relation under 
aspects of the inverter costs and the energy prices. 
 
 
1.1 Technological aspects  
A considerable number of technical and technological aspects should be taken into account in 
the process of defining the relation of a PV module array nominal power to the solar inverter 
nominal power, including the following: 
 
x Undersized inverters convert less energy at higher solar irradiances since such conditions can 
lead to power flux limitations as the available solar power can be higher than the maximum 
inverter power if the inverter reaches its maximum power flux, and therefore the average system 
efficiency decrease to some extent.  
x Some of the state of the art inverters can be overloaded within a short time interval, which is 
advantageous as very high solar irradiances also appear only in a short time frame of some 
seconds or minutes.  
x Some of the state of the art inverters show increased efficiency at the lower and higher power 
ranges due to innovative circuit topologies [2].  
x Inverters consume a minimum of energy which is used for its control circuit, data transmission 
circuit and display. This energy consumption leads to proportionally lower efficiencies at the 
lower power range of the inverter.   
x Higher solar irradiances increase the photovoltaic module average temperature, which leads to 
solar generator losses, especially at high ambient temperatures. Decreased temperature 
coefficients and therefore losses are characteristic to several thin film technologies (e.g. 
amorphous silicon a-Si and CdTe). Therefore, at such conditions, many state of the art 
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photovoltaic modules deliver higher power flux at the upper operation ranges and oversizing of 
the inverter should be considered.  
x High efficiencies of state of the art inverters lead to reduced heating of these devices, and 
therefore to reduced power losses at the upper operation range as the inverter maximum power is 
not limited or is limited to a lesser extent at higher ambient and operation temperatures.  
x Reduction of PV module power tolerances to r 2.5 % allow for a more accurate sizing of the 
solar inverter. However some modules show deviations up to -10% leading therefore to reduced 
output at the upper and the lower power ranges[1]. 
x The Staebler-Wronsky [5] effect of thin film a-SiPV modules shows output power degradation 
over the first year of operation. Photovoltaic modules are usually underrated to account for this 
nominal power reduction within the first year of operation. Therefore the overrating due to the 
Staebler-Wronskyeffect leads to a somewhat increased power output at the whole operation 
range within the first years of operation.  
x The nominal power of some photovoltaic module types can decrease to a small extent as 
function of its operation time. This depends on the fabrication process and on the correct 
installation - especially electric wiring [2]. 
 
 
1.2 Climatologicalaspects  
 
Site-dependent climatological characteristics can also lead to distinct behaviors in PV system output 
and recommended sizing strategies, including: 
 
x High ambient temperatures lead to a lower power output of the photovoltaic module due to its 
negative temperature coefficient and the consequent high operating temperatures resulting from 
its heating with high solar radiation irradiances lead to lower power levels reaching the inverter 
input.  
x As the inverter reduces its upper power limit as a function of its components operation 
temperature, high ambient temperatures e.g. as function of high solar irradiances in tropical and 
subtropical locations can lead to higher power losses at the upper operation range. 
x Solar irradiation distribution at sunny sites present a higher percentage of energy content at the 
upper range of operation, as shown in a comparison of histograms of the radiation series from 
two different locations with distinct climatic character in Germany and Brazil [1]. Therefore, at 
such locations the inverter has to convert more energy at the higher operation levels due to two 
reasons: (i) the general higher incidences and (ii) the higher percentage energy disposable at the 
upper operation range.  
 
 
1.3 Simulation aspects  
 
Annual simulations of the converted solar energy are mostly accomplished on an hourly basis; however, 
inverters are able to adjust its power output in a very short time frame of some seconds which 
corresponds to the time frame of solar irradiation changes. Histogram evaluations of measurements in 
Freiburg-Germany show that the energy distribution from 10 s averages are very similar as in comparison 
to the 1 minute averages; the differences from minutely and hourly averages, however, are distinctively 
different for both Freiburg-Germany and Florianopolis-Brazil [1]. Furthermore the minutely averages of 
the tilted radiation in Freiburg and in Florianopolis do show respectively 8.4 % and 13.1 % more energy 
content at the upper power range of 900…1500 W/m² when compared with the hourly averages. 
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Therefore, under real operating conditions an inverter will process more energy at the higher irradiation 
level range, than in comparison to the simulations which are generally based on hourly averages.  
 
 
These conditions lead to constrains which lead to more or less energy processed at the higher or the lower 
operation ranges. Therefore for each location an optimum inverter sizing is expected, at which the overall 
system losses are held to a minimum, maximizing therefore the annual conversion of solar energy. 
Generally effects which lead to a lower inverter input power can be compensated by an undersizing of the 
inverter, which lead to improved annual energy conversion since a larger part of the available solar 
energy, which is otherwise processed at the lower power range, is displaced to the medium power ranges 
where the inverter efficiency is highest. Conversely,the phenomena which lead to a higher input power of 
the inverter can be compensated by the oversizing of this device, leading to an improved annual energy 
conversion as a higher fraction of the solar energy, which is otherwise processed at its upper operation 
range, is displaced to the medium operation range where the efficiency is highest. Separately, under such 
conditions oversizing can lead to the effect that a lower amount of solar energy is wasted due to the 
inverters maximum power limitation.  
 
2. Method 
The equations below allow to verify whether an cost optimized oversizing of the inverter can be 
compensated by higher annual revenue corresponding to the eventually additional annual energy 
produced and injected to the local grid. Alternatively, an under sizing of the inverter result in reduced 
annual conversion of the solar energy, which however may be compensated with a lower inverter 
investment cost. To this extent it has to be mentioned that the amortization of the investment of a PV 
system depends not only on the generated solar energy and its investment cost, but also on the local value 
of the PV-generated electricity†. The present comparison considers the annual Feed In Return FIR [US– 
Dollar] which is calculated as follows 
 
FIR  = FIT Es                          (1) 
 
where FIT [US – Dollar/kWh] is the local electricity price for PV-generated energy (either a feed in tariff 
or a net-metered tariff), injected to the local electrical grid and Es [kWh] is the produced annual energy 
with the considered system configuration and data of the solar radiation and ambient temperature 
representing typical local weather conditions. Generally the sizing of an inverter is defined by the 
manufacturer specifying the solar generator power under normal operation conditions, which leads to a 
yearly energy production Eno [kWh]. Considering that Eno does not lead to the maximal possible energy 
conversion that can be obtained with the PV system, Esmax [kWh] leads to an additional unexploited 
amount of energy 'Es [kWh] which is calculated using equation (2).  
 
 
 
†In order to incentivize industrial and research activities in relation to the generation of clean energy, some countries 
like Germany provide by means of its energy polices higher feed in tariffs for solar and wind power system [7]. In 
Germany the higher feed in tariffs are paid by a small increase the end consumer of electrical energy resulting in an 
attenuated increase of the end consumers energy price. In Brazil, the recently enacted legislation for grid-connected 
PV systems has adopted a net-metering approach, in which the PV electricity fed to the grid is worth the same as the 
correspondingconsumers conventional tariff. 
230   Manfred Georg Kratzenberg et al. /  Energy Procedia  57 ( 2014 )  226 – 234 
'Es = Eno – Esmax                                                                             (2) 
 
Where the difference between the energy obtained with the rated inverter power Eno[kWh], and the 
maximal obtainable energy based on a distinct rating Esmax [kWh] can be obtained if in the set-up of the 
solar system an over or an undersizing of the solar inverter is considered depending on the local weather 
conditions, as discussed at the introduction of this article. With an improved system configuration an 
increase of the feed return 'FIT [US-Dollar] can also be considered, which is calculated as follows  
 
 'FIR = Esmax FIT –Eno FIT = (Esmax – Esr ) FIT                                            (3) 
 
It would be possible to analyze this equation best if the nominal inverter size would be variable in small 
degrees. As thisis not the case the inverter power has to be normalized to the solar generator size. With 
this normalization equation (1) results in equation (4) 
 
FIRn  =   FIT YIELDno      (4) 
 
Where the normalized Feed In Return FIRn [US – Dollar/ kWp ] is a measure which informs about the 
investment return obtained per unit of installed kWp of the solar generator power Ps  under normal 
operation condition. The variable YIELD [MWh/kwp] is a measure of the produced annual energy in 
relation to the installed solar generator power. With this equation it is possible to compare the costs of the 
rated case with the one of the overrated configuration and equation (3) results in equation (5).  
 
FIRn  =   FIT (YIELDmax-YIELDno)      (5) 
 
Where the normalized Feed In Return (FIRn) [US – Dollar/kWp] gives the annual investment return per 
unit of PV module installed kW, considering the best system configuration in relation to the annual 
investment return considering the rated system configuration under normal operation condition. With this 
normalized return it is possible to base the FIR calculations on a fixed inverter size and a variable solar 
generator size. Equations (1) to (5) can be used for both cases for over and for undersizing of the inverter 
power. 
3. Results 
The results for two different types of PV modules are presented here: one is a multi crystalline silicon PV 
module and the other is a module based on layers with amorphous silicon combined with microcrystalline 
silicon. Simulations were accomplished for three different locations based on the hourly radiations 
utilized in PVsystTM for these locations. The sizing, also denominated as rating, of the inverter in relation 
to the PV generator size (SI-PV) and can also be expressed by the PV generator size in relation to the 
inverter size (SPV-I), where SPV-I = 1/SI-PV. Both PV module technologies lead to almost constant power 
output for undersizing of the inverter for rating of the solar generator SPV-I = (0.8…1.2) as shown in 
Tables 1 and 2 and Figures 1 e 2. Generally the maximal annual YIELDS of systems with the amorphous-
microcrystalline silicon technology are higher, which is most significant at locations with high solar 
radiation incidences and ambient temperatures (YIELDmax(a-Si/u-Si) = 1.78 MWh/kWp ; YIELDmax(c-Si) 
= 1.73 MWh/kWp). Considering only the simulations with the hourly averages, it can be seen that the 
energy based optimized sizing for the Brazilian locations and the German location are similar at ratings of 
SPV-I = 0.9…1.1. The obtained annual YIELDs in relation to the maximal possible YIELD are very low in 
this SPV-I range attaining values of only around 2 kWh.  
For the cost evaluations we use an inverter cost of US $ 0.42/Wp [6], a feed-in tariff of 0.195 Euro/kWh 
in Freiburg in Germany [10]. In Brazil we considered R$ 0.308 and R$ 0.255 for the locations Juazeiro do 
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Norte and Capivari de Baixo where the electricity prices are regulated by the companies Companhia 
Energética do Ceará (COELCE) and Centrais Elétricos de Santa Catarina (CELESC) [11]. From the 
simulations it can be concluded that an under sizing of the PV peak power in relation to the inverter 
nominal power is not advantageous in order to obtain cost reduction as its yearly energy output do not 
increase under such condition. For locations with higher annual solar radiation incidences such as Juazeio 
do Norte (JN) the accumulated feed in cost losses within the inverter lifetime, due to unused solar energy 
increase as expected due to undersized PV-inverters. The much smaller feed in tariff in Brazil do only 
modify this scenario for Capivari de Baixo (CB) due to the lower annual solar radiations in southern 
Brazil than in comparison to the northern regions. At southern locations a cost advantage of the inverter 
underrating can be obtained by overrating of the solar generator of SPV-I = (1…1.7), as the reduction of 
the inverter price is higher than the lifetime cost losses of the PV-generator**. However, in such a case a 
part of the energy of the installed solar generator corresponding to US$ 180/kWp for CB remains unused, 
or is not injected to the local grid in this case (see Figure 4). 
 
 
 
Tab. 1: Simulated annual energy yields with an inverter of 10 kW nominal power installed at different locations, as function of the 
sizing of a multicrystalline solar generator based on the simulations with the software PVsystTM. 
Rating (c-Si) 0.80 0.89 0.99 1.13 1.22 1.32 1.41 1.50 1.60 1.69 
YIELDS [kWh]: 
Juazeiro do Norte 1730 1731 1732 1731 1729 1725 1708 1679 1642 1602 
Capivari de Baixo 1409 1411 1412 1412 1412 1408 1398 1380 1357 1332 
Freiburg (37°) 1044 1046 1047 1049 1049 1047 1040 1029 1016 1000 
Freiburg (48°) 1022 1024 1025 1026 1027 1025 1018 1007 994 979 
 
 
Tab. 2: Annual energy yields with an inverter of 10 kW nominal power installed at different locations as function of amorphous-
microcrystalline silicon solar generators of different nominal powers expressing different PV generator sizing’s based on the 
simulations with the software PVsystTM. 
Rating (a-Si/uc-Si) 0.81 0.89 0.98 1.11 1.19 1.28 1.41 1.49 1.58 1.70 
YIELDS [kWh]: 
Juazeiro do Norte 1797 1797 1797 1797 1792 1779 1738 1702 1663 1602 
Capivari de Baixo 1434 1435 1435 1435 1433 1426 1404 1384 1361 1324 
Freiburg (37°) 1040 1040 1041 1042 1042 1038 1027 1016 1003 982 
Freiburg (48°) 1016 1017 1017 1018 1018 1015 1005 994 982 961 
 
 
 
**
 This approximated cost calculation only compares the reduction of the inverter during its lifetime which is compared 
directly compared with reduced lower feed value.  
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Fig. 1: Annual energy yields with an inverter with 10 kW nominal power, installed at different locations as function of 
multicrystalline silicon solar generators of different nominal powers expressing different PV-generator ratings  
 
Fig. 2: Annual energy yields with an inverter with 10 kW nominal power, installed at different locations as function of amorphous-
microcrystalline silicon solar generators of different nominalpowers expressing different solar generator ratings  
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Fig. 3: Lifetime cost losses per installed kWp of the PV-generator due to its oversizing resulting in unused energy of this unit and 
inverter costreduction, both as function of the sizing of the inverter  
 
4. Conclusions 
In Brazil the YIELD of PV systems is approximately 1.4 to 1.7 higher than in Germany (see Table 1 and 
2) due to the higher annual average of the solar radiation. Based on the simulated results (Table 1) an 
oversizing of the inverter under the climatic conditions prevailing in the Brazilian sites is not necessarily 
as was expected. Because of the undersizing of the inverter, which corresponds to an overrating of the 
PV-generator, the cost of the PV inverter can be reduced especially in Freiburg by approximately 22% 
(Table 1 – line 4 and 5). Variations in the system YIELD as function of the rated inverter power are very 
low when a small over- or undersizing of the inverter is considered (see Tables 1 and 2). Based on the 
PVsystTM simulations, the avoidance of high solar generator ratings or low inverter sizing’s at locations in 
the sunnier Northern regions of Brazil are more important than in the less sunny Southern regions, due to 
the higher losses in such cases. The presented results are based on simulations with hourly averages, and 
have to be confirmed with simulations considering a one minute average of the solar radiation. 
Furthermore as the present simulations consider only hourly averages of the solar radiation, the 
simulations have to be compared and validated with the measured data with installed systems as the solar 
radiation changes rapidly and the inverter follows the minutely actualization of the solar radiation curve. 
Therefore it is expected that optimal energy yields are obtained under climatic conditions in Brazil for a 
small over sizing of the inverter, as especially in Brazil the one minute distributions of the solar radiations 
show a higher energy at the upper operation range. In such a case it can be verified with the above 
equations whether, under the particular PV electricity local value, it is economically viable to increase the 
inverter power for a PV system in relation to the rated solar module power of this system.  
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Evaluation projects which consider different over and under sizings should be considered for the different 
PVmodule technologies and locations. The conditions discussed in sections 1.1 to 1.3 do influence the 
correct sizing process and most of these conditions are already considered by the sizing process of the 
inverter, if it is based on the annual simulations with the PVsystTM. This software delivers also a detailed 
list of different effects which separately consider different quantities of system losses. In future work the 
evaluation of each phenomenon should be compared for different over and under sizings of the inverter in 
order to quantify these influences. In future work the solar generator costs should be also considered and 
sizing of the inverter may be accomplished by minimization of the injected energy price as function of the 
inverter cost, the solar generator cost, installation cost as well as the investment return due to the injected 
energy.  
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